Abstract-The MeerKAT radio telescope under construction in South Africa is required to tag the arrival time of a signal to within 10 ns of Coordinated Universal Time (UTC). The telescope has a local maser clock ensemble, compared to UTC by dual-band GPS receivers, and transferred to the digitizers of the array by an optical fiber system. In order to verify the accuracy of the end-to-end time tagging of samples, a portable instrument was constructed that transmits a periodic time signal. This GPS time pulse radiator (GTR) is mounted 10 m away from the telescope L-band feed horn, and radiates a broadband signal of -20 dBm. The signal is modulated by turning off at each UTC second, using the 1PPS output of a GPS receiver. The recorded voltage stream of the telescope is searched for the time signal and the corresponding timestamp compared to its expected value. While less accurate than the masers and dual-band GPS, this technique is simple and the instrument is easily characterized. Laboratory tests of the GTR showed its RF pulse to be at 1.65±0.1 µs after the UTC second. Tests on the telescope revealed a 13.0±0.3 µs deviation from the expected timestamp value. This was later found to be due to a buffer in the digitizer FPGA, and confirmed by pulsar timing. The GTR concept allows simple, independent testing of a radio telescope pulsar timing system. Future work is planned to improve the shape of the transmitted signal, to study GPS timing errors and correction techniques, and to process the received data using a more standard pulsar timing pipeline.
I. INTRODUCTION
The MeerKAT radio telescope situated at the Losberg site in the Karoo makes use of GPS receivers and atomic clocks for its time and frequency reference system.The long distances between antennas of the MeerKAT radio telescope means that the pulses sent by the time synchronization distribution system are received by each antenna at different times [1] . Mechanical stress and temperature changes in environments such as in the Karoo degrade the stability of the transmitted pulses over long distances. In order to verify the MeerKAT's clock accuracy of five nano seconds [2] , an independent system was required to verify that each antenna of the MeerKAT radio telescope was synchronized to the time and frequency reference system. A portable GPS time radiator (GTR) device for testing the timestamp accuracy and beamformer delays was proposed to verify that all signals coming from the antennas are digitized synchronously. The GTR, being a portable GPS based instrument, is less accurate compared to atomic clocks and mounted dual frequency [3] - [5] ionospheric referenced GPS receivers, but is attractive in that it is independent to the timing infrastructure of the radio telescopes.
II. SYSTEM DESIGN

A. Overview of the GTR device
The GTR device, as shown in figure 1 consisted of five internal subsystems, namely, power and operation controller, signal generator, bandpass filter, GPS receiver and a radio frequency (RF) switch. The GPS receiver was responsible for obtaining UTC time and position data. The power and operation controller was responsible for selecting the devices mode of operations such as initialization, frequency selection and power. The RF conditioner modified and prepared the 1PPS timing signal produced by the GPS receiver for the transmission stage through the device's antenna. The are two external systems that the device interfaced with namely, the GPS satellite and an RF device under test. The GPS satellites fed the device with UTC time and position data. The RF device under test was the system against which the GTR device verified UTC time. The RF devices under test were two antennas from the MeerKAT radio telescope onto which the GTR device injected the UTC aligned signals and the captured signals were analyzed to determine the two antennas timing delays. Figure  2 illustrates the intended usage of the GTR device and the MeerKAT telescope. The x defined by the following equations:
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where T X is the offset of the transmitted GTR's UTC time signal to true UTC, T U T C is the GTR's GPS receiver's offset to true UTC, Of f set is the additional delay added by other subsystems of the GTR device, M K of f set is the total MeerKAT telescopes offset to true UTC, T M eerKAT is the additional delay introduced by other subsystems of the MeerKAT telescope, T U T C is the radio telescope's time and frequency reference system's offset to true UTC, T transition is the time after the radio telescopes second at which the transmitted GTR's top of the second signal is detected in the radio telescopes data and M K U T Cof f set is MeerKAT's offset to true UTC after correcting for the GTR's delay in the GTR's UTC time signal data. 
B. GTR RF layout
The device was designed to transmit two types of signals namely noise and a 1 GHz signal as shown in figure 3 . The noise signal was the only signal used for the tests at the time of this publication. The bandpass filter ensured that the wideband noise signal was within the L and UHF frequency bands. The transmission of one of the two signals was controlled by a two way splitter and the RF switch that connected to the devices antenna. In order to comply with transmitter restrictions imposed on the receiver under test, the RF conditioner reduced the signals power before it was transmitted. The amplifier increased the noise signal power within the limits of the transmission restriction. The global navigation satellite system (GNSS) timing module was based on the u-Blox M8F time and frequency reference module. In short term precision timing and frequency applications, the GNNS receiver reference oscillator does not need to be highly accurate as atomic clocks [3] . The GTR was intended to be used as a short baseline time verification device during the telescope commissioning tasks and therefore the time spent transmitting a pulse coherent to UTC was minimized. A radio frequency interference (RFI) tight enclosure was used to mitigate electromagnetic interference generated by the device's electronics. The device was subjected to electromagnetic interference analysis to ensure that only the designed signals were transmitted during operation. 
C. Field experiment
The GTR device was tested on two telescope antennas. Each antenna of the telescope is located at the center of a circular ring with a 15 m radius. In both experiments, the GTR device was placed at a 90
• angle to the antennas feed horn as illustrated in figure 4 and 5. The device was set to transmit the noise signal that coincides with UTC time at a rate of 1 Hz with a 20% duty cycle at the falling edge at top of the second. The 1 GHz narrowband tone mode was implemented but not used in the field experiment. To enhance visibility of the signal transition on each PPS and reduce the pulse transition time through the RF switch, a falling edge on the top of a second scheme was chosen for the transmitter. The transmitter remained in an active state until a pulse occurred. This way, one could observe the pulse as a drop in power of the captured samples.
III. RESULTS
A series of experiments were performed on the MeerKAT telescope during first array release (AR1) to determine the time offset of the MeerKAT telescope. Two antennas of the MeerKAT telescope were synchronized and the data captured. This way, the time offsets of the two telescope antennas were compared. It was good practice to observe the behavior of the device on a number of telescope antennas, as comparisons could reveal the influence of other components that contribute to timing in the telescope. The GTR was set to transmit noise, this way the datasets were processed in the time domain for variations in power levels to detect the PPS and estimate the antennas delay to true UTC time. The L-band digitizer on each of the two MeerKAT telescope antennas has a sampling frequency of 1712 MHz and a frequency range of 856 MHz to 1712 MHz.
A. GTR laboratory test
A series of laboratory tests were performed to determine the offset between the u-Blox M8F GPS receiver and a Spectracom SecureSync precision GPS receiver that uses a Rubidium atomic clock standard. The offset between the two receivers was measured by comparing the delay between each receivers 1PPS signal using a time interval counter. Once the two receiver offset was known, the extra delay introduced by the GTR's RF signal conditioning circuit was measured by comparing the delay between the u-Blox M8F GPS receiver's 1PPS signal and the output from the GTR's antenna. The overall GTR device's offset to true UTC time was calculated as the sum of the two delays given by equation 1. According to figure 6, the radiated signal was not perfectly synchronized with UTC. The GTR's GPS receiver's 1PPS output signal drifted overtime within an average value of 400±100 ns with a combined delay of 1.65±0.1 µs. The reference 1PPS signal used in the laboratory, denoted as Lab 1PPS, was derived from the Rubidium atomic clock of the Spectracom GPS receiver. The GTR's radiated signal shown in green as GTR 1PPS RF out, had a falling edge response as controlled by its GPS receivers 1PPS signal. The double step response on the signal was due to the RF switch switching off upon receiving the falling edge from the GPS receivers 1PPS signal. During time verification, the receiver under test's time offset to true UTC was obtained by subtracting the GTRs combined delay from the delay reported in the data.
B. GTR field test
The GTR field test campaign commenced on 1 June 2016. The MeerKAT telescope was placed into maintenance to prepare for the experiment. All observations on site are suspended while the GTR was in operation to avoid contaminating scientific observation data. While the GTR device was operating, digitizer voltages are captured directly from the antenna in question and a search for the transition in signal power was performed. Figure 7 shows the time domain pulse samples captured by the telescope antenna. Each pulse radiated by the GTR device appears as a period drop in voltage in the time domain data captured by the antenna. After aligning the captured data to the start of a second, individual pulses can be isolated. Figure 8 shows raw samples of a single pulse from the two antennas without any correction for time pulse offset. It is evident that the two antennas have a different time offset to UTC time. The time axis of the graph is the telescope antenna's 1PPS time and the response is the GTR's 1PPS as seen by the telescope antenna. Figure 9 shows the estimated transition time of the same data on one antennas using all sample rolling window time series analyses in python. The transition time of the transmitted 1PPS was estimated to be 13.0±0.3 µs. The average transition curve was calculated by taking an average over a number of individual pulse samples. The individual pulse curves are shown in red, blue and green. The results obtained from the data captured from the individual telescope antenna's were as expected and resemble similar characteristics as the response observed during the calibration. The timing accuracy of the GNSSS time and frequency receiver can be improved by using a dual-band GNSS receiver to compensate for ionospheric delays and using low-cost GPS receiver's such as the u-Blox M8F with a geodetic antenna as demonstrated by [6] .
IV. CONCLUSION AND FUTURE WORK
In this publication, we investigated the GPS time pulse radiator for testing time-stamp accuracy of a radio telescope. The GTR's GPS receiver's timing performance was evaluated by measuring the phase difference against a GPS discipled atomic clock of the Spectracom SecureSyn GPS receiver. The comparison was needed in order to determine the timing accuracy of the GTR device. Since we evaluated a short baseline, the variance of the u-Blox M8F GPS receiver's 1PPS is inherently susceptible to jitter since its reference oscillator is based on a voltage controlled temperature compensated crystal oscillators (VCTCXO). We also demonstrated that a low-cost, single frequency GPS receiver can give competitive timing results and as a result, the GTR offers an independent method for testing time accuracy in radio telescopes. Future work is planned to improve the shape of the transmitted signal, to study GPS timing errors and correction techniques, and to process the received data using a more standard pulsar timing pipeline.
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